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  Investigation on luminescent lanthanide-doped upconversion (UC) nanocrystals has 
been focused for many years due to their great application in photonics and 
photovoltaics. In stark contrast to the conventional luminescent materials such as 
organic dyes and quantum dots, lanthanide-doped UC nanocrystals own advanced 
properties which always show as large anti-Stokes shifts, no photobleaching and 
blinking, high photochemical stability, proposing them to be a promising new class of 
luminescent materials. 
  In this thesis, an overview of the recent advances on luminescent materials will be 
given firstly.  The luminescence theories of lanthanide ions, backgrounds of 
lanthanide-doped luminescent nanocrystals will be introduced, followed by the 
summarization of the recent achievement and limitation of the lanthanide-doped 
nanocrystal synthesis techniques. This thesis seeks to find a general solution to 
synthesize lanthanide-doped UC nanocrystals and successfully apply this technique in 
the fabrication of lanthanide-doped various types of UC host matrix including KMnF3, 
KYb2F7, NaYF4 and LiYF4.  This technique endows these designed 
lanthanide-doped nanomaterials with unique luminescent properties thus promises 
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CHAPTER 1: Introduction 
Out of the curiosity about the origin and the evolution of human species, investigation 
of human beings has been progressed through two major branches classified by 
psychology and physiology.  As a foundation stone of physiology research, biological 
science has been rapidly developed to fuel the demands on analyzing biomolecules such 
as polypeptides, proteins, and nucleic acids.  Sensor is an efficient way to collect sample 
information by detecting the interaction of biological or biochemical species with 
surrounding environment.  As a specific example, biosensor has been widely applied to 
collect the bio-information.  Generation of a sensitive signal that is not existed in 
organism forms the basis of this technique.  The introduction of labeling or staining 
agents in the bio-system is an effective solution to this issue.  The introduction of 
exogenous labels for biological analysis was first exploited by American scientists Yalow 
and Berson in the form of radioimmunoassay (RIA).[1]  The high sensitivity of RIA have 
made it a popular labeling technique.  However, radioactivity, short half-life, and 
inherent pollution problem of radioactive labels have restricted a wilder application of 
RIA[2].  In this regard, various nonradioactive staining techniques, based on 
enzyme-linked immunosorbent assay (ELISA),[3] bio/chemiluminescence immunoassay,[4] 
and photoluminescence immunoassay, have emerged as promising alternatives for 
biolabeling techniques.[5-7]  Amongst, photoluminescence immunoassay is superior to 
others as far as the sensitivity and specificity.  




luminescent biolabels due to their small molecular weights and high water solubilities (at 
high salt concentration), as well as the ease of their usage in parallel with the existence of 
standard protocols for their bioconjugation.  However, the intrinsic broad emission 
profiles, low photobleaching thresholds, and poor photochemical stability of organic 
fluorophores typically limit their applications in sensitive and reliable bio-detections.[8]  
Quantum dots (QDs) have been introduced as attractive alternatives due to their advanced 
properties including large molar extinction coefficient, high quantum yield, narrow 
emission bandwidth, size-dependent tunable emission and high photostability.  However, 
they suffer from limitations including intrinsic cytotoxicity and photo-blinking.[9-11]  
Recently, lanthanide-doped nanocrystals have attracted research attention owing to 
their characteristic sharp emission bandwidth, long lifetime, high photostability and low 
cytotoxicity.  These extraordinary properties have rendered them particularly useful in 
biolabeling.[12, 13]  Lanthanide-doped luminescence materials commonly exist in form of 
oxides, complex oxides, chlorides and fluorides.  Oxides and complex oxides have high 
stability, however, their high phonon energy typically results in enhanced nonradiative 
transition and thus less efficient emission process.  Chlorides are unstable in common 
solvents, but with low phonon energy.  In comparison, the chemical stability and low 
phonon energy of fluorides have made them ideal host materials for luminescent 
lanthanide ions.  Great efforts have been devoted into their synthesis, surface 
modification, and emission modulation.  
In this chapter, an overview of luminescent biolables, including organic dye, quantum 




of lanthanide luminescence theory will be given, followed by recent advances in the 
synthesis of lanthanide-doped nanocrystals.  
	 1.1 Research status of fluorescence materials 
A variety of luminescent materials have been investigated in the past several decades. 
Amongst, organic dyes, quantum dots and lanthanide-doped luminescent materials are 
the most prevalent ones.  A systematic introduction of their merits, shortcomings and 
research progress will be given individually in this section. 
  1.1.1 Organic Dyes 
Organic dyes have been a focus in biological labeling for many years. As the early 
examples, fluorescein and rhodamine have dominated their wide utilization in confocal 
laser-scanning microscopy and flow cytometry due to their closely matched excitation 
maximum (494 nm and 520 nm, respectively) with the spectral lines of the argon-ion 
laser (488 nm and 524 nm, respectively)[14, 15]  Cyanine and Alexa dyes are typically 
recommended owing to their high luminescence intensity and photostability. 
Cyanine dyes have been investigated for more than one hundred years with extensive 
applications ranging from photography[16] to lasers.[17]  Recently, their characteristic 
high photostability and molar absorptivity, relatively high quantum yield and good water 
solubility flourish their utilization in biological labeling.[18]  Cyanine dyes always appear 
as cationic molecules that include two heterocyclic units linked by a polyene chain.  Cy3 




1.1.[19-22]  The optical properties of cyanine dyes strongly rely on the number of methine 
groups in the polyene chain.  One vinylene moiety (CH=CH) extension in the 
chromophore would cause a bathochromic emission wavelength shift of about 100 nm.[18]  
Based on this mechanism, the emission of cyanine dyes can be tuned from visible to the 
near-infrared (NIR) region of spectrum.[23-25]  The absence of autofluorescence from 
biological samples in NIR spectral region has offered the cyanine dyes with a high 
detection sensitivity. However, the fluorescence quantum yield of cyanine dyes sharply 
decreases with the increased length of the polymethine chain.[26]  The NIR emission of 









































  Alexa dyes (Figure 1.1c and d) represent a series of relatively new fluorescent 
molecules as obtained by sulfonation of aminocoumarin, rhodamine and carbocyanine 
dyes.[27, 28]  The excitation and emission wavelengths of Alexa dyes almost cover the 
entire spectrum from ultraviolet to red, comprising wavelengths of most conventional 
light sources.  The negative charged sulfonic acid group not only offers the molecules a 
large bio-conjugation tendency but also decreases the molecular aggregation, thus hinders 
the inter-molecular luminescence quenching.[29]  The high photostability and pH 
insensitivity of the Alexa dyes have enabled them as substitutes for conventional dyes in 
various bioapplications.[30-32]  However, the negative charge of Alexa dyes may cause a 
nonspecific electrostatic interaction with positively charged cell structures.[33] 
Generally speaking, luminescence biolabeling has been benefitted from the 
characteristic merits of organic dyes such as small molecular weight, high water solubility, 
easy labeling and low cost.  However, their inherent shortcomings ultimately restrict 
their further use despite the exploitation of new types of organic dyes.  Investigation of 
new kinds of fluorescence materials is required for further improvement of bio-labeling 
techniques. 
  1.1.2 Quantum Dots 
  Quantum dots (QDs) are generally defined as nanocrystals with physical dimensions 
smaller than the exciton Bohr radius.  The QDs are normally composed of group II–VI 
or III–V elements with a size range of 1-10 nm.  The quantum confinement effect 






Figure 1.2 Tunable emission spectra of QDs obtained by changing the size or 
composition of the particle.  In the visible spectrum region, the emission is usually 
adjusted by selecting the particle diameter of CdSe QDs, whereas at longer wavelength 
the emission is adjusted by selecting the particle composition.  QDs with different 













Research on quantum dots (QDs) arose from the realization of the relationship between 
the optical and electronic properties with the particle size (Figure 1.2), which was 
discovered by Efros and Ekimov in 1982.[35, 36]  The high chemical stability, high 
quantum yield, tunable emission wavelength (Figure 1.2), and non-photobleaching had 
attracted great attention on the study of their luminescence theory, together with the 
investigation of synthesis technique.  The composition of QDs has also been developed 
from primarily single core to the popular core-shell structure.  The utilization of QD was 
primarily concentrated on optoelectronic devices, quantum-dot lasers and high density 
memory devices, restricted by their water insolubility.[37-39]  The surface modification 
techniques developed by Alivisatos[40] and Nie[41] in 1998 which make them water soluble 
and biological molecule connectable then extended the application of QDs to the 
biological field.  A range of biomolecules, including deoxyribonucleic acid (DNA) and 
proteins, have been conjugated to QDs and used in diverse biomedical studies such as in 
vitro detection assays,[42,43] deep tissue imaging,[44-46] and the selective imaging of live 
cells and organisms.[47-52] 
Despite QDs’ potential and success in biological applications so far, limitations on 
their application still arose due to their intrinsic shortcomings.  The inherent optical 
blinking would hinder the application of QDs in quantitative assay,[53-55] while the size of 
QDs could restrict the function of attached ligand molecules.[56]  Furthermore, the 
bioincompatibility of QDs requires a surface modification firstly when carrying out in 
vivo experiments.[57-59]  In this regard, QDs were rendered as supplements rather than 




  1.1.3 Lanthanide-doped luminescent nanocrystals 
Lanthanide-doped materials[61] have been investigated for many years with regards to 
their wide applications in lighting, lasers and optical telecommunications.[62-64]  
Differing from QDs whose optical property relates closely with the valence and the 
conduction band position of the crystals, the luminescence property of lanthanide-doped 
insulators mainly relies on the discrete 4f orbital energy levels of lanthanide ions (Figure 
1.3).  The well-shielded 4f orbital from the environment offers the lanthanide-doped 
materials high optical stability, whereas hinders the investigation on the crystal size effect.  
In 1994, a quantum yield of 18% was achieved via the fabrication of Mn2+-doped ZnS 
QDs.  It is the high quantum yield that evoked the research interest in the fabrication of 
small lanthanide-doped materials, pursuing high luminescence efficiency.  Encouraging 
progress has been achieved and there have been plenty of reports on the synthesis and 
luminescence modulation of lanthanide-doped nanocrystals such as yttrium 
vanadates,[65-67] lanthanum fluorides,[68,69] and lanthanum phosphates[70-72].  The 
fabrication of water-soluble lanthanide-doped nanocrystals has flourished their 
application areas, especially in biology. 
For a persistent development of lanthanide-doped nanocrystals, a better understanding 
of fundamental theory of lanthanide luminescence is required, together with the 
knowledge of the existing synthetic techniques, which would be individually introduced 









Figure 1.3 Schematic representations of optical transitions in (a) semiconductor and (b) 
lanthanide-doped insulator.  In a semiconductor, excitation over the band gap will create 
electrons in conduction band (CB) and holes in valence band (VB) (1), emission then 
occurs by electron-hole recombination in different manners as shown in (2-4) with the 
exception of recombination of free electrons and holes: (2) a free electron recombines 
with a trapped hole (Schön-Klasens model); (3) a free hole recombines with a trapped 
electron (Lambe-Klick model); and (4) electron-hole pair recombination in an associate 
of a donor and an acceptor.  In a lanthanide-doped insulator, the excitation and emission 














1.2 Luminescence theory of lanthanide ion 
  Lanthanide elements are a group of elements which are situated at the bottom of the 
periodic table, one row above the actinides.  More than a century was spent on their 
collection and they were named “lanthanide” which means “to lie hidden” in Greek 
language.  The lanthanide elements typically exist in their most stable trivalent oxidation 
state (Ln3+).  In this section, luminescence theories of trivalent lanthanide ions (Ln3+) as 
well as their relationships with the host matrices were focused. 
1.2.1 Energy level of lanthanide ions 
A fairly large number of energy levels are produced by the featured 4fn (0 < n < 14) 
electron configuration and substantially diverse electron arrangement of lanthanide ions.   
Well-shielded from the surroundings by the filled 5s2 and 5p6 orbitals, the 4f energy 
levels therefore appear as well-separated narrow lines rather than overlapped broad bands, 
leading to discrete emission lines with defined wavelengths essentially independent of the 
chemical composition or physical dimension of the host materials.  Figure 1.4 shows us 
a substantial part of the energy levels originating from the 4fn configuration as a function 
of n for the trivalent lanthanide ions. 
1.2.2 Excitation process 
The high-level located lanthanide ion with the absorption of energy supplied by 
excitation source is the prerequisite for the generation of emission light.  The excitation 




as shown in Figure 1.5. 
 
 
Figure 1.4 The 4fn energy levels of the trivalent lanthanide ions (Permission reproduced 














Figure 1.5 Excitation mechanisms of lanthanide-doped luminescent materials.  (a) 
Direct excitation of the lanthanide activator (A).  (b) Excitation of a sensitizer (S) 




















1.2.2.1 Direct process 
Direct excitation processes typically consist with three main types, which are f-f 
transition (energy transfer within 4fn), f-d transition (4fn--4fn-15d) and charge transfer 
transition (4fn--4fn+1L-1, where L = ligand).[61] 
The f-f transition is characterized by the line-shaped absorption spectrum due to the 
well-shielded 4f orbital by the outer electron shell 5s2 and 5p6.  Theoretically, the f-f 
transition (∆l = 0) is forbidden by the parity selection rule.  The uneven components of 
the crystal-field and the spin-orbital coupling of the lanthanide ions can sometimes help 
slightly relax the parity selection rule, producing absorption phenomenon.  However, the 
absorption intensity is rarely detectable. 
Different from the forbidden f-f transition, the f-d transition (∆l = 1) is parity allowed 
and features broad bandwidth.  The f-d transition relates closely to the electron filling 
situation of the lanthanide ions.  Typically, lanthanide ions with high tendency of being 
oxidized prefer f-d transition.  The absorption of f-d transition always locates in 
ultraviolet region owing to the high energy gap.  In a stark contrast to f-f transition, the 
f-d transition is environmentally sensitive because of the unshielded 5d orbital. 
As another allowed transition, charge transfer transition contributes to the 
redistribution of the electrons from the molecular orbital of the ligands to the ionic orbital 
of the metals, appearing as a broad charge transfer band (CTB) in the spectrum.  
Typically, the CTB position of the lanthanide ion can be fine-tuned through selection of 
anion ligands with dissimilar electronegativity.  On the contrary to f-d transitions, charge 




1.2.2.2 Indirect Process 
The presence of sensitizer is the prerequisite for the indirect excitation process to occur.  
The sensitizer could be the doped metal ions (transition metal ion and lanthanide ion) and 
the host matrices themselves (host excitation).  The excitation energy will be absorbed 
by the sensitizer firstly, following by an energy transfer to the lanthanide luminescence 
center ion.[73] 
An efficient indirect excitation process requires a large energy transfer ratio (PSA) 
between S (sensitizer) and A (activator).  For the ion sensitizing situation, the PSA is 
primarily affected by the energy level matching degree between the S ion and A ion, 
which can be proved by the high PSA in the lanthanide ion pairs such as Ce3--Tb3+, 
Bi3+--Eu3+, Bi3+--Dy3+, Yb3+--Er3+ and Yb3+--Tm3+.][74, 75]  In the case of host lattice 
sensitizer, the angle formed by the absorbing ion (S), O2- ion and lanthanide ion (Ln3+) 
influences the PSA greatly.  The PSA is high if the angle is 180o while considerably lower 
for 90o angles.  YVO4:Eu3+ and Y2WO6:Eu3+ represent as two typical examples. [73, 76] 
1.2.3 Energy release process 
The activated lanthanide ions prefer to return to the ground state with the release of the 
energy achieved from the excitation source.  Radiative return, nonradiative return and 
energy transfer are regarded as three dominant energy releasing channels that typically 
co-exist in a system.  As an important parameter for the evaluation of the energy release 
process, luminescence efficiency is typically introduced and represented in three ways: (a) 




radiant efficiency (ŋ), the ratio between the emitted energy with the input energy; (c) 
Luminous efficiency (L), the ratio of luminous flux to power.  
1.2.3.1 Radiative process 
In accordance with the numerous energy levels of lanthanide ions, there is a myriad of 
excitation states.  A thermal equilibrium among these excited states should be reached 
before emitting process.  According to the energy gap law, the luminescence light favors 
to emit from the energy levels which feature a large energy gap to the next lower-lying 
energy level.  Similar with the excitation processes, there are three types of radiative 
emission processes.  The f-f emission is long-lived with a fixed emission wavelength 
position while the f-d emission is comparatively short-lived and the charge transfer 
emission is unpredictable in a broad range.  
Normally, the luminescence process would finish in a short time.  The rare 
observation of emission light after the excitation for a long time (t >> ΓR) is termed 
afterglow.  The generation of afterglow contributes to the delayed radiantive 
recombination of electrons and holes due to the trapping of electrons or holes. 
1.2.3.2 Nonradiative process 
As a return to the ground state without radiative emission, the nonradiative process 
always competes with the radiation process.  However, not all the nonradiative returns 
are negative. As a typical example, the nonradiative return from the higher excited state to 




state, thus enhance the light output.  The essence of the nonradiative transition is the 
coupling between the excited ions with the host crystal lattice.  This coupling effect also 
is responsible for the temperature quenching phenomenon which is always observed at 
elevated temperature.  
Normally the lanthanide ion together with the surrounding environment is treated as a 
unit when investigating the electrons and the energy transfer between them.  The ions 
are hypothesized as static units in the electronic transition process owing to their much 
higher weight and slower movement speed than the electrons, as demonstrated in the 
Franck-Condon Principle.  The configuration coordinate diagram is commonly utilized 



















Figure 1.6 Configurational coordinate diagrams illustrating nonradiative transitions.  
The ground state parabola is indicated by g, the excited state parabolas by e and e’.  See 
also text.  In (a), ∆E is the energy difference between e and g.  In (b), the arrow 
indicates a nonradiative transition from e to g, which quenches the luminescence at higher 





















In Figure 1.6a, the paralleled parabolas (S = 0) indicates the impossibility of the return 
to the ground state in this manner.  However, the nonradiative return to the ground state 
can be observed if certain conditions are fulfilled, viz. the energy difference ∆E is no 4-5 
times more than the higher vibrational frequency of the surroundings.  In this case, this 
amount of energy can simultaneously excite a few high-energy vibrations, and is then lost 
for the radiative process.  Usually this nonradiative process is called multi-phonon 
emission.[77]  
In Figure 1.6b, an offset between the parabolas of the ground and excited state is 
observed.  Absorption and emission transition are both allowed with Stoke shift related 
to each other.  In general, the relaxed-excited-state would reach the crossing point of the 
two parabolas firstly which is a prerequisite for the return to the ground state in a 
nonradiative manner (see arrow in Figure 1.6b).  The excitation energy is then 
completely released as heat to the lattice.  As shown in Figure 1.6b, it is essential that 
there is a transition between two (nearly) resonant vibration levels, corresponding to 
excited and ground states.  To suppress the generation of the nonradiative process, the 
host matrix should possess a rigid structure thus would suppress the lattice expansion 
caused by the excitation, maintaining the ∆R as a small value. 
Figure 1.6c gives a three-parabolas-diagram which including both processes in Figure 
1.6a and 1.6b.  The optical transition between the parallel parabolas with the same 
configuration is typically forbidden.  The appearance of the third transition which 
originates from a different configuration helps connect the two parabolas and generates an 




to the highest parabola in the allowed transition, followed by a relaxation to the excited 
state of the second parabola.  This situation is usually observed in the charge transfer 
transition of Eu3+ (7F--charge transfer state excitation, charge transfer state to 5D 
relaxation, 5D--7F emission) and Tb3+ (7F--4f75d1 excitation, 4f75d1--5D relaxation, 5D--7F 
emission). 
1.2.3.3 Energy transfer 
As the third energy release process, energy transfer requires the co-existence of both 
excited center (marked as S*) and the absorption center (A).  With the absorption of the 
energy transferred from S*, A will be excited to its activated state (A*).  Energy of A* 
will then be released in three ways: (a) radiative transfer, in which process species S acts 
as the sensitizer of species A.  (b) nonradiative transfer; in this case species A is said to 
be a quencher of the S emission.  This nonradiative transfer would cause the decrease of 
the luminescence efficiency which is named impurity quenching.  (c) energy migration, 
in which process the excitation energy will be further transferred along a long distance. 
In radiative transfer, the energy will be absorbed by the sensitizer and then transferred 
to the activator.  The radiative transfer requires an overlap between the emission and 
absorption spectrum which is insignificant for lanthanide ions.  This rigorous 
requirement thus hinders the radiative energy transfer between the lanthanide ions.  
Nonradiative transfer is an energy exchange process between resonant energy levels.   
The high energy matching degree provided by an intrinsic myriad number of energy 




lanthanide ions.  The mechanisms involved in the nonradiative energy transfer can be 
classified into multipolar and exchange interaction.[78, 79]  In comparison with exchange 
interaction, multipolar interaction is easier to occur and can operate over a longer distance 
(the maximum is 30Å), taking the dominant role in the energy transfer between 
lanthanide ions. 
As the third energy transfer process, energy migration occurs only when the sensitizer 
(S) and activator (A) are the same ions and when the doping concentration has reached a 
critical value.  As a representative phenomenon of energy migration, concentration 
quenching is always observed when the excited energy was finally transferred to a 
quenching center, resulting in the decrease of the luminescence efficiency.  
It should be noted that the cross relaxation in which only part of the energy is 
transferred from the excited center S to A can also be observed.  The cross relaxation 
always causes the quenching of the emission from the higher excited state of the 
lanthanide ions and simultaneously increase the emission from the lower excited state. 
1.2.4 Upconversion process 
Besides releasing energy, the excited lanthanide ions can also be excited further to the 
higher energy levels, resulting in a shorter emission wavelength than the excitation 
wavelength.  This luminescence phenomenon is called upconversion (UC).  As an 
essential type of anti-Stokes emission, upconversion was discovered in 1966 by Auzel et 
al. and has been focused for many years.[80]  The role it played in laser, data storage, 3D 




Generally, the upconversion process can be divided into three classes: excited-state 
absorption (ESA),[83] energy transfer upconversion (ETU) and photon avalanche (PA) 
(Figure 1.7).  Most upconversion processes are dominated by the first two mechanisms. 
It is worth mentioning that the expression “upconversion” is sometimes used to describe 
the consequence of these mechanisms, that is, the conversion from long-wavelength to 
short-wavelength radiation, and sometimes for a specific mechanism itself. 
All three mechanisms are based on the sequential absorption of two or more photons by 
metastable, long-lived energy states.  This sequential absorption leads to the population 
of a high-lying excited state from which upconversion emission occurs.  In the case of 
ESA, the emitting ions sequentially absorb at least two photons of suitable energy to 
reach the emitting level.  In ETU, one photon is absorbed by the ion firstly, a subsequent 
energy transfer from neighboring ions would result in the population of a highly excited 




















Figure 1.7 Upconversion processes. (a) excited state absorption (ESA), (b) energy 
transfer upconversion (ETU), (c) photon avalanche (PA).  Dash dot line: photon 
excitation; dash line: energy transfer; solid line: emission.  Reproduced from reference 




















1.2.5 The influence of the host lattice 
Though the 4f orbital of lanthanide ions is well shielded by the 5s2 and 5p6 orbitals, the 
crystal field of the host lattice still imposes some influence on their optical properties.   
Different host matrices exert variant environment around the lanthanide ions, producing 
changes in the emission wavelengths and intensities.  A proper selection of the 
combination of the host matrix and doped lanthanide system should be considered, 
pursuing desired optical properties.  In addition, the optical information can in turn 
partly reflect the composition, symmetry and structure of the materials, therefore can be 
used as a probe for the investigation of the host matrix. 
1.2.5.1 Shift of the emission line  
The rare earth materials were primarily regarded as ionic crystals.  However, plenty of 
researches have shown the existence of covalent effect between the lanthanide ions and 
the ligands which can be proved by the line shift of f-f transition under the crystal field.  
The term nephelauxetic effect is used to describe the influence of the covalent bond on 
the absorption and emission spectrum position.  The spectrum position will display a 
bathochromic shift with the increase of the electron negativity of the nearby ions/ligands.   
Together with the distance between the lanthanide ions and the ligands, the ligand number 
can also affect the nephelauxetic effect; the smaller the distance and the ligand number, 













Figure 1.8 Inhomogeneous broadening of the emission caused by the crystal lattice.  
The individual optical transitions vary slightly from site to site in the host lattice.  The 
broken line indicates the experimentally observed spectrum.  Reproduced from reference 














Normally, it has been tacitly assumed that the surroundings and the symmetry of each 
center in the solid are the same.  This is the case for Eu3+ in YF3, the crystallographic 
sites of all Y3+ ions being equal.  It should be noted that, owing to the large external and 
internal surface of the powders, the surface nearby Eu3+ ions would experience the 
covalency and crystal field which differ from the Eu3+ ions inside the bulk, producing 
slightly different optical transition.  The resulted broadened spectrum is thus called 
inhomogeneous broadening (Figure 1.8).[61]  Inhomogeneous broadening can also be 
observed in disordered crystals since the disorder would induce an uneven crystal field.[84]  
The inhomogeneous broadening plays important role in the real application, such as the 
generation of tunable laser. 
1.2.5.2 Splitting of the emission line 
In addition, the crystal field is also responsible for the splitting of certain optical 
transitions.  Typically, different host lattice will produce different crystal field around 
the lanthanide dopants and induce different splitting effect.  Accordingly, the optical 
center can in turn serves as a probe of the surroundings.  The emission spectrum 
obtained under low temperature typically consist of many sharp lines which represent the 
fine structure of the spectrum, owing to splitting of the J-levels in 2S+1LJ by electric fields 
of the host matrix.  The degree of the splitting depends on the symmetry of the host 
matrix.  The lower the symmetry, the larger the number of the splitted emission lines.  




quantum number J and can be calculated as shown in table below.[85]  It can be seen that 
the J level will not spit when J = 0 or 1/2 regardless of the crystal field. 
It is difficult to analyze the fine structure of the spectrum due to its complexity.  The 
situation would become more complicated in solution and glass, where the spectrum is 
broadened owing to the non-homogeneous environment.  Sometimes, the same splitting 
mode may produce more than one type of symmetry.  The analysis can be done only 
under some simple situations such as transitions involving an energy level with J value of 
0 or 1/2.  As a typical example, the 5D0--FJ transition spectrum can offer the symmetry 





































1.3 Utilization of nanotechnology in lanthanide-doped UC materials 
As a unit of length, nanometer represents 10-9 meter.  Solid materials with at least one 
dimension lying within the nano-range are called nanomaterials.  Nanomaterials can 
exist as nanoparticle, nanowire as well as nanofilm.  Amongst, the nanoparticles enjoy 
common research interests and typically serve as the fundamental material for the 
synthesis of other format of nanomaterials.  Size of a nanoparticle is larger than 
ion/atom cluster but small enough to exhibit Brownian motion.  
Lanthanide-doped nanocrystals also show obviously different optical properties from 
their corresponding bulk materials.  As a typical example, the Y2SiO5:Eu3+ nanocrystals 
own a high quenching concentration and luminescence intensity than the bulk,  
suggesting new opportunities for generation of luminescence with superior properties by 
using nanocrystalline hosts.[87, 88] 
Nanotechnology also offers the lanthanide-doped UC nanocrystals with advantageous 
optical and structural properties in comparison with the traditional bulk materials, 
expanding their application in new areas especially as bio-labeling agent.[89]  
Investigation on lanthanide-doped UC nanocrystals is mainly divided into two aspects 
including basic theory and practical application.  The early research on lanthanide-doped 
UC nanocrystals was focused on their optical property and the discovery of new 
utilizations.  Since the properties of lanthanide-doped UC nanocrystals depend greatly 
on their morphologies, investigation of various synthetic technique has always been the 





1.4 Synthetic techniques for lanthanide-doped UC nanocrystals  
Design of synthetic techniques is normally based on three general processes classified 
by solid-, gas- and solution-based methods.  Solid phase synthesis is characterized by 
the simplicity of operation but a poor control over the morphology and size distribution.  
Small monodisperse nanocrystals can be produced by gas-based technique but with a high 
instrumental requirement.  In comparison, the simple operation, together with the gentle 
reaction condition made the solution-based technique the most popular method in the 
preparation of nanocrystals.[90]  The representative and typical synthetic methods were 
summarized and divided into three categories: thermal decomposition, ionic liquids-based 
technique, and hydro(solvo)thermal approaches.  
1.4.1Thermal decomposition 
Via a thermal decomposition process, high quality lanthanide-doped nanocrystals can be 
synthesized effectively with controllable size and shape in non-aqueous media.  The 
typical thermal decomposition process involves dissolution of organic precursors in 
high-boiling organic solvents with the assistance of surfactants, and decomposition of 
these precursors at elevated temperature.[91, 92]  The commonly used organic precursors 
are lanthanide organic acid salts, such as trifluoroacetate, acetonacetate (acac), oleate, 
acetate, etc.; and the surfactants typically contain polar capping groups and long 
hydrocarbon chains such as oleic acid (OA) and oleylamine (OM).  In principle, the 
ratios of the starting reagents including organic precursors, surfactant, and solvent as well 




crystal phase, size and morphologies of the nanocrysals.  
Thermal decomposition method was previously developed by Yan group[93] to 
synthesize highly monodisperse LaF3 nanocrystals and later lanthanide-doped NaYF4 UC 
nanocrystals.[91–96]  Similarly, NaLaF4, NaGdF4, LiYF4, KY3F10, BaYF5, as well as rare 
earth oxyfluoride and alkaline earth fluorides were also fabricated via this technique[97-113].  
Apart from the most frequently used organic capping agents OA and OM, 
trioctylphosphine oxide (TOPO) and trioctyphosphine (TOP) were also utilized as a 
ligand by Ju et al. for the fabrication of NaYF4 UC nanocrystals.[114, 115] 
Although the thermal decomposition method displays its capability and versatility in 
the controlled synthesis of high quality rare earth fluorides, the rigorous experimental 
conditions (~300 oC, waterless, oxygen-free and inert gas protection), together with the 
complicated post-treatment process, high-cost and highly toxic precursors has limited its 
wide utilization.   
1.4.2 Ionic liquid-based technique 
As non-volatile, non-flammable and thermal-stable organic salts, ionic liquids (ILs) 
have been recently suggested as a ‘green’ alternative to the conventional organic solvents 
for the synthesis of inorganic compounds owing to their low melting point, relatively low 
viscosity, and wide electrochemical window.[116-124]  The main advantage of using ILs as 
solvents or additives in inorganic synthesis is their superior capability for the dissolution 
and stabilization of metal cations, which endows them with the possibility of acting as 




lanthanide-doped nanocrystals has also attracted considerable attention.[125-131]  Ionic 
liquid 1-nbutyl- 3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) was the first ion 
liquid being successfully applied for the synthesis of highly uniform YF3 rhombus 
nanocrystals.  The [BMIM][BF4] acts not only as a fluoride source but also as a 
morphology directing agent.  Via the ILs method, small, water-soluble and pure 
hexagonal phase NaYF4:Yb3+, Er3+ (or Tm3+) UC nanocrystals were obtained by Kong et 
al. for the first time.[132]  In the synthetic progress, [BMIM][BF4] acts as solvent and 
template, as well as fluoride source.  Due to the over layer of ILs on their surface, these 
nanocrystals can be directly dispersed in water bearing strong positive charge.  Chen et 
al. reported[133] ILs-based ‘‘all-in-one’’ synthesis for LnF3 nanocrystals, in which ILs also 
play multi-roles as solvents, reaction agents, and templates.  In conclusion, ionic 
liquid-based synthetic strategy offers an environment-benign and convenient route for the 
manufacturing and application of lanthanide nanocrystals.  Unfortunately, the 
as-synthesized nanocrystals show a broader size distribution relative to those obtained 
with the thermal decomposition processes. 
1.4.3 Hydro(solvo)thermal technique 
Hydro(solvo)thermal reaction is always carried out in a Teflon-lined autoclave with 
aqueous or organic liquids as solevents.  The elevated pressure and temperature inside 
the container which are higher than the critical points of solvent help increase the 
solubility of solid and speed up the reaction.  The resulting nanocrystals at much lower 




The most representative hydro(solve)thermal technique for the preparation of high 
quality lanthanide-doped nanocrystalss is the liquid–solid–solution (LSS) strategy 
developed by Li’s group, which is based on a general phase transfer and separation 
mechanism occurring at the interfaces of the liquid, solid, and solution phases present 
during the synthesis.  Furthermore, linoleate or oleic acid molecules can effectively 
adsorb on the surfaces of nanoparticles.[134]  For instance, NaYF4[135-137] and hexagonal 
phase NaLaF4 nanorods[138] with controllable aspect ratios as well as a class of binary 
REF3 nanoparticles[139] can be prepared in very uniform sizes.  Additionally, Zhao and 
co-workers reported uniform nanostructured NaREF4 arrays prepared via a facile oleic 
acid-assisted hydrothermal route.[140-141]  This approach avoids the assistance of 
templates, applied fields, and undercoating on substrates and is industrially feasible, 
owing to the ease of synthesis and low cost. 
The low temperature and high reaction activity of hydro(solve)thermal technique make 
it advantageous in the fabrication of crystalline nanomaterials.  This special approach 
also renders the production of new materials with unique structure possible.  However, 
the impossibility of monitoring particle growth prevents the investigation of some 
reaction phenomena. 
1.5 Summary 
As demonstrated by the above information, lanthanide-doped nanocrystals played 
significant role in many areas and lots of efforts had been paid on their various synthetic 




morphologies thus endow them with new optical properties which can meet different 
bio-imaging application demands.  In a consideration of the limitations of all the existed 
lanthanide-doped luminescent UC nanocrystal synthetic methods, we seek to and succeed 
in the development of a general lanthanide-doped UC nanocrystals synthesis solution. 
This technique roughly contains two steps. Firstly, lanthanide oleate precursors should be 
prepared via the ion-exchange reaction between lanthanide chlorides or acetates salts with 
oleic acid. Secondly, with the addition of reactants, the nanocrystals would form under an 
increased temperature.  Via this technique, we succeed in fabricate various types of 
monodisperse lanthanide-doped nanocrystals displaying uniform morphologies and 
unprecedented optical properties, with special focuses on: 
 (1) The fabrication of lanthanide-doped UC nanocrystals with different host matrices 
including KMnF3, KYb2F7 and LiYF4.  Benefiting from their unique structures and 
compositions, special and interesting luminescence phenomena can be observed, 
including single-band emission and strong violet emission. 
(2) The simultaneous phase and size tuning of NaYF4 nanocrystals via an alkaline 
earth metal ion doping approach.  The doping technique favors the formation of UC 
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CHAPTER 2: Single-band Upconversion Emission in 
Lanthanide-Doped KMnF3 Nanocrystals 
2.1 Introduction 
The preparation of upconversion (UC) nanocrystals that exhibit anti-Stokes emission is 
important for applications in fields as diverse as photonics, photovoltaics, biological 
imaging, and therapeutics.[1-4]  In particular, there has been an increasing focus on the 
synthesis of nanocrystals with tunable UC emission from ultraviolet to near infrared 
through doping with lanthanide ions.[5]  However, the synthesis of nanocrystals featuring 
single-band UC with high chromatic purity remains a formidable challenge as lanthanide 
ions generally have more than one metastable excited state.[6]  In principle, these 
lanthanide-doped nanocrystals display multi-peak emission profiles. 
Recently, several attempts have been made to obtain high purity of single-band UC red 
emission attractive for anti-counterfeiting and color display applications.[7]  For example, 
the high red-to-green (R/G) emission ratio can be achieved by increasing the 
concentration of Yb3+ in Yb/Er co-doped NaYF4 nanoparticles.[8]  In addition, Yb/Er 
co-doped MnF2 and KMnF3 nanoparticles have shown substantially enhanced R/G 
emission ratios because of the energy transfer between the Er3+ and Mn2+.[9]  But the 
general method for providing a single-band red emission has not been conclusively 
established.  Here, we report a novel oil-based procedure for the synthesis of 




Ho3+ and Tm3+ dopants, respectively.  Importantly, we observe that the single-band 
feature is independent of dopant concentration, pump power, and temperature.  We also 
show that these nanocrystals can serve as ideal optical bio-labels for deep-tissue imaging 
without the constraints associated with conventional multi-peak UC nanocrystals. 
2.2 Results and discussion 
The lanthanide-doped KMnF3 nanocrystals for the present study were prepared in a 
three-step procedure.[10]  In the first step, lanthanide and manganese precursors were first 
dissolved in oleic acid at 150 oC to form metal-oleate complexes.  A stoichiometric 
amount of potassium fluoride was then added to a solution of the metal-oleate complexes 
at room temperature to initiate the crystal growth.  Subsequently, the reaction 
temperature was increased to 290 oC to facilitate the growth of the nanocrystals. 
Figure 2.1a shows a typical transmission electron microscopy (TEM) image of the 
as-synthesized KMnF3:Yb/Er (18/2 mol%) nanocrystals with cubic morphology.  The 
high-magnification TEM mage of a single KMnF3:Yb/Er nanocube shown in Figure1b 
reveals lattice fringes of the {110} with a d-spacing of 0.31 nm, typical for cubic KMnF3 
(Figure 2.1b).  Selected-area electron diffraction patterns obtained from the Fourier 
transform of the high magnification TEM image confirms single-crystalline cubic phase 
of the nanocube (Figure 2.1c).  It should be noted that charge balance will be disturbed 
when the trivalent lanthanide ions are substituted for the Mn2+ ions in KMnF3 
nanocrystals.  To maintain charge balance, either manganese or potassium vacancies are 




positions and intensities that can be well indexed in accordance with cubic KMnF3 





Figure 2.1 (a) Low-resolution TEM image of the as-synthesized KMnF3:Yb/Er (18/2 
mol%) nanocrystals.  (b) High-magnification TEM image of a single nanocrystal.  (c) 
The corresponding Fourier-transform diffraction patterns of the high-magnification TEM 
image shown in Figure 2.1a.  (d) and (e) are the schematic presentations of 








Figure 2.2 X-ray powder diffraction patterns of the as-synthesized KMnF3:Yb/Er (18/2 
mol%), KMnF3:Yb/Er (9/2 mol%), and KMnF3:Er (5 mol%) nanocrystals.  (a)-(c) 
corresponding XRD patterns of the nanocrystals obtained after heating at 290 oC for 1.5 h 
in 1-octadecene.  (d)-(f) corresponding XRD patterns of the nanocrystals heated at 200
oC for 24 h in an autoclave.  (g) The literature XRD data for cubic KMnF3 crystals (Joint 





Figure 2.3a displays the room-temperature UC emission spectrum of the irradiated 
KMnF3 nanocrystals.  A narrow-band visible emission centered at 660 nm was observed, 
in stark contrast to Yb3+/Er3+ co-doped NaYF4 and LaF3 nanocrystals that typically show 
a set of emission bands in the visible spectral region.  The single-band UC emission can 
be ascribed to non-radiative energy transfer from the 2H9/2 and 4S3/2 levels of Er3+ to 4T1 
level of Mn2+, followed by back-energy-transfer to 4F9/2 level of Er3+ (Figure 2.3b).[9c,d]  
The complete disappearance of blue and green emissions of Er3+ suggests an extremely 
efficient exchange-energy transfer process between the Er3+ and Mn2+ ions, which can be 
largely attributed to the close proximity and effective mixing of wave-functions of the 
Er3+ and Mn2+ ions in the crystal host lattices.  Low-temperature (10 K) UC emission 
spectrum of the KMnF3:Yb/Er (18/2 mol%) nanocrystals also showed a single-band 
emission (Figure 2.4), indicating that the phonon participation in the transfer process has 
only a marginal effect on the emission.  To investigate the compositional effect of the 
irradiation, we have synthesized KMnF3 nanocrystals codoped with Yb3+/Ho3+ and 
Yb3+/Tm3+, respectively.  Importantly, these nanocrystals also displayed single-band 
emissions involving the 5F55I8 transition in Ho3+ and the 3H43H6 transition in Tm3+ 
(Figure 2.3b and 2.3c).  Significantly, the single-band feature of the KMnF3:Yb/Er 
nanocrystals remained the same on increasing the pump power (Figure 2.5a).  By 
contrast, NaYF4:Yb/Er nanocrystals showed multi-peak emissions with relative intensity 
ratios closely associated with the pump power (Figure 2.5a).  The red emission intensity 












Figure 2.3 Room-temperature UC emission spectra of solutions containing (a) 
KMnF3:Yb/Er (18/2 mol%), (b) KMnF3:Yb/Ho (18/2 mol%) and (c) KMnF3:Yb/Tm 
(18/2 mol%) nanocrystals in cyclohexane (insets: proposed energy transfer mechanisms
and corresponding luminescent photos of the colloidal solutions).  All spectra were 







Figure 2.4 Upconversion emission spectra of KMnF3:Yb/Er (18/2 mol%) nanocrystals 







Figure 2.5 (a) Pump power-dependent UC emission spectra of solutions containing
KMnF3:Yb/Er (18/2 mol%) and NaYF4:Yb/Er (18/2 mol%) nanocrystals, respectively.
spectra were recorded at room temperature under excitation of a 980-nm CW diode 
laser.  (b) Emission intensity comparison of the red emission from the KMnF3 and 





In a further set of experiments, we examined the photoluminescence properties of the 
KMnF3:Yb/Er nanocrystals as a function of dopant concentration (Figure 2.6).  As 
shown in Figure 2.6a, the KMnF3 nanocrystals doped with different amounts of Yb3+/Er3 
(0-18/2-5 mol%) all displayed a single-band emission centered at 660 nm, thus 
conforming the dominant effect of energy transfer process between the Er3+ and Mn2+ 
ions.  It is noted that the KMnF3:Yb/Er (18/2 mol%) nanocrystals hydrothermally 
prepared by Li and co-workers show a weak green emission at 540 nm in addition to the 
dominant 660-nm red emission.[9b]  We attributed the additional emission band to an 
insufficient energy transfer process between the Er3+ and Mn2+ ions, possibly caused by 
segregation of dopant ions from the host lattices.  The segregation of dopant ions is 
typically observed when divalent host ions are substituted for trivalent lanthanide ions at 
high concentration.[11]  To validate this hypothesis, a series of KMnF3 samples doped 
with different concentrations of Yb3+/Er3 were prepared according to the reported 
hydrothermal method.  The nanocrystals with relatively low concentrations of Yb3+/Er3+ 
(9/2 and 0/5mol %) showed single-band emissions, while the nanocrystals doped with 
18/2 mol % Yb3+/Er3 exhibited similar emission patterns as previously reported (Figure 
2.6).  Taken together, these comparative studies suggest that our oil-based synthetic 
procedure with controlled stirring enables more homogenous doping of large lanthanide 






Figure 2.6 Room temperature (25 oC) photoluminescence spectra of variant Yb3+/Er3+
doped KMnF3 nanocrystals synthesized via two different methods.  The nanocrystals 
used in (a) were obtained after heating for 1 h at 290 oC in 1-octadecene while the 





One important application of single-band red-emission KMnF3:Yb/Er nanocrystals is 
the development of suitable luminescent bio-markers for deep tissue labeling and imaging.  
The emission wavelength of KMnF3:Yb/Er nanocrystals falls within the “optical window” 
in biological tissue, where the emitted light has its maximum depth of penetration.[12]  As 
a proof-of-concept experiment, we injected polymer-modified KMnF3:Yb/Er nanocrystals 
into pork muscle tissue at varied depths (0-10 mm) and imaged them by a modified 
Maestro in-vivo imaging system.  As shown in Figure 2.7 a, the nanocrystals can be 
visualized even at a depth of 10 mm under an excitation power density of ~0.2W/cm2.  
Under identical experimental settings, however, NaYF4 nanocrystals codoped with 
Yb3+/Er3+ at different ratios can only be detected at about 5 mm beneath the tissue surface 
(Figure 2.7b and c).  Notably, the emission color of the KMnF3:Yb/Er nanocrystals did 
not change as a function of sample imaging depth as confirmed by the recorded 
corresponding emission spectra (Figure 2.7d).  In stark contrast, the NaYF4 nanocrystals 
injected at different depths showed significant changes in emission color, which can be 
attributed to rapid attenuation of the green emission relative to red emission in tissue 












Figure 2.7 Photo imaging of pork muscle tissues injected with different UC 
nanocrystals. (a) KMnF3:Yb/Er (18/2 mol%), (b) NaYF4:Yb/Er (18/2 mol%), (c) 
NaYF4:Yb/Er (29/1 mol%).  (d)-(f) Corresponding emission luminescence spectra of
Figure 2.7a,b and c. All these images and spectra are taken under a 980-nm laser 
excitation with a power density of ~0.2 W/cm2.  Note that the intensities of the two 






2.3 Synthesis and characterization 
2.3.1 Materials 
MnCl2•4H2O (98%), YbCl3•6H2O (99.99%), YbCl3•6H2O (99.99%), ErCl3•6H2O 
(99.9%), TmCl3•6H2O (99.99%), NaOH (98+%), KF (99+%), 1-octadecene (90%), oleic 
acid (90%), oleylamine (70%) were purchased from Sigma-Aldrich.  All the chemicals 
wree used as starting materials without further purification.  
2.3.2 Synthesis of the lanthanide doped KMnF3 nanocrystals at 290 oC 
In a typical procedure to the synthesis of the lanthanide‐doped KMnF3 nanocrystals, 
pre-prepared manganese oleate (197.7mg) precursor[13] was added along with YbCl3 
(0.072 mmol) and ErCl3 (0.008 mmol) to a flask containing a mixture of oleylamine (1 
mL), oleic acid (1 mL) and 1-octadecene (8 mL) under vigorous stirring at room 
temperature.  The resulting mixture was then heated at 120 oC for 1h, at which time the 
solution turned from colorless to yellowish.  After the solution was cooled to room 
temperature, a methanol solution (2 mL) of KF (1.2 mmol) was injected into the flask.  
The mixture was stirred at 65 oC for 30 min and then purged by nitrogen at 105 oC for 10 
min.  Subsequently, the temperature was raised to 290 oC and kept for one and a half 
hours under nitrogen atmosphere.  Finally, the reaction was cooled to room temperature.  
The as-prepared nanocrystals were collected by centrifugation, washed with ethanol and 




2.3.3 Synthesis of manganese oleate precursor 
The metal–oleate complex was prepared by reacting manganese chlorides and 
potassium oleate.  In a typical synthesis of the metal-oleate complex, 40 mmol of 
manganese chloride and 120 mmol of potassium oleate were dissolved in a solvent 
mixture composed of 80 mL of ethanol, 60 mL of distilled water and 140 mL of hexane.  
The resulting solution was stirred at room temperature for four hours. Upon completion of 
the reaction the upper organic layer containing the manganese oleate complex was 
separated and washed three times with 30 mL of distilled water.  After washing, hexane 
was removed, yielding manganese oleate complex in a waxy solid form. 
2.3.4 Synthesis of the lanthanide-doped KMnF3 nanocrystals at 200 oC 
In a typical procedure, a DI water solution (1.5 mL) of KOH (5M) was mixed with 5 
mL of ethanol and 5 mL of oleic acid under stirring.  To the resulting mixture was added 
a DI solution of MnCl2 (0.32 mmol), YbCl3 (0.072 mmol), ErCl3 (0.008 mmol) and KF 
(3.5 mmol).  The solution was then transferred into a 20-mL Teflon‐lined autoclave and 
heated at 200 oC for 2 h.  The obtained nanocrystals were collected by centrifugation, 
washed with water and ethanol for several times, and finally re‐dispersed in cyclohexane 
or chloroform. 
2.3.5 Synthesis of lanthanide-doped NaYF4 nanocrystals 
In a typical experiment, 2 mL of RECl3 (0.2 M, RE = Y, Yb, Er and Tm) each in 




1‐octadecene.  The resultant solution was heated to 150 oC for 30 min and then cooled 
down to room temperature.  Thereafter, 5 mL of methanol solution of NH4F (1.6 mmol) 
and NaOH (1 mmol) was added and the solution was stirred for 30 min.  Upon removal 
of methanol, the solution was heated to 300 oC under argon for 1.5 h and then cooled 
down to room temperature.  The resulting nanoparticles were precipitated by the 
addition of ethanol, collected by centrifugation, washed with methanol and ethanol 
several times, and finally re‐dispersed in cyclohexane. 
2.3.6 Functionalization of nanocrystals with OA–PAA–PEG polymer 
200 L of the KMnF3 chloroform solution and 5 mg of the polymer were mixed in 
5mL of chloroform and then stirred for 15 min to obtain a clear solution.  The 
chloroform was then removed by purging with argon at room temperature, resulting in the 
formation of polymer-coated dry nanoparticles.  The as-prepared nanoparticles can be 
readily dispersed in water to form a clear water solution as shown in Figure 2.9. 
2.3.7 Imaging of biological samples 
Polymer-functionalized[4m,14] water-soluble KMnF3:Yb/Er and NaYF4:Yb/Er 
nanocrystals were dissolved in 1% warm agarose solutions and transferred into a 96-well 
plate (100 mL for each well).  After cooling down to the room temperature, the 
solidified agarose gel plates containing the nanoparticles were taken and placed into pork 
muscle tissues at different depths (0 mm, 3 mm, 5 mm and 10 mm, respectively).  
Upconversion luminescence images of pork tissues with nanocrystal gel plates embedded 




fiber-coupled laser as the excitation source.  The laser power density is 0.2 W/cm2 
during imaging.  An 850-nm short-pass emission filter was applied to prevent the 
interference of excitation light to the CCD camera.  Spectral imaging from 500 nm to 
720 nm (10 nm step) was carried out with an exposure time of 500 ms for each image 
frame. 
2.3.8 Characterization 
 The low-resolution TEM images were carried out on a JEOL 2010 transmission electron 
microscope operating at an acceleration voltage of 300 kV.  The crystallographic phases 
of the sample were determined by powder XRD on a Siemens D5005 X-ray 
diffractometer with Cu Kα radiation (λ = 1.5406 Å) at a scan rate of 0.01 o/s.  The room 
temperature (25 oC) luminescence spectra were obtained with a DM150i monochromator 
equipped with a R928 photon counting photomultiplier tube (PMT), in conjunction with a 
980 nm diode laser.  The spectra for all the nanocrystals were recorded from samples 
dispersed in cyclohexane solutions.  The low temperature (10K) spectroscopic 
measurement was carried out using an Edinburgh Instrument FLS 920 spectrometer and a 
cooled Hamamatsu R928 photomultiplier (PMT) was used as the detector. A 
power-controllable 970-nm diode laser (KS1-11312-312, BWT Beijing LTD) with the 
maximum power output of 30 W was applied as the pump source, and the sample was 
mounted on an optical cryostat (10-350 K, DE202, Advanced Research Systems).  All 
photographs were taken with a Canon PowerShot SX100 IS digital camera.  For the 




in-vivo imaging system (CRi. Inc.).  Four external 0-5 W adjustable CW 980 nm lasers 
(Beijing Hi-Tech Optoelectronics CO., Ltd.) were used as the excitation source and an 
850 nm short-pass filter was placed before the CCD camera to cut the excitation light. 
The resulted spectral images were analyzed by the Maestro Ex Software. 
2.4 Conclusion 
In conclusion, we have described an oil-based synthetic method for the preparation of 
KMnF3 nanocrystals with lanthanide dopants homogeneously incorporated in the host 
lattice.  As a result of efficient energy transfer between the dopant ion and host Mn2+ ion, 
remarkably pure single-band UC emissions have been generated in the red and 
near-infrared spectral regions.  The complete lack of short-wavelength emission of these 
lanthanide-doped nanocrystals in the visible spectral region provides platform for 














Figure 2.8 Room-temperature upconversion luminescence of the (a) NaYF4:Yb/Tm 
(20/0.2 mol%). (b) NaYF4:Yb/Er (18/2 mol%) used in our experiment. Insets are the
corresponding low resolution TEM images of the as-synthesized nanocrystals. Scale 







Figure 2.9 Room-temperature upconversion luminescence of polymer-functionalized 
KMnF3:Yb/Er nanocrystals dispersed in aqueous solution. (Insets) the corresponding
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CHAPTER 3: Intense NIR-to-Violet Upconversion from Monodisperse 
alfa-KYb2F7 Nanorods 
3.1 Introduction 
The rapid development of lanthanide-doped upconversion (UC) nanocrystals in 
photonics, photovoltaics, biological imaging, and therapeutics has fuelled growing 
demand for rational manipulation of emission properties of the nanocrystals.[1]  As 
efficient UC only occurs with a small number of well selected activators (typically Er3+ 
and Tm3+), UC emissions are generally tuned by control of the emission intensity balance 
through control of host/dopant combination,[2] dopant concentration,[3] and nanocrystal 
size.[4]  However, most of the previous studies focus on UC emissions in the 
long-wavelength visible and NIR spectral region range which are useful for imaging 
biological cells and tissues.[5]  The generation of intense UC emission in ultraviolet (UV) 
and especially the violet region, which have been proved important for light-triggered 
reaction and photo-dynamic therapy,[6] remains a challenge because these UC process 
typically involves three and more excitation steps and thus sets more restrictions on the 
selection of the material system to best avoid the depletion of intermediate excited states. 
Recently, it is suggested that the emission spectrum of Er3+ can be largely modulated by 
varying co-dopant concentration of Yb3+.[7]  For example, introduction of an elevated 
amount of Yb3+ dopants in ZrO2:Yb/Er nanocrystals[8] can induce back-energy-transfer 




nm) and red (670 nm) with respect to green (525 and 558 nm).  Unfortunately, high Yb3+ 
content would also cause a strong reduction in total emission intensity of the nanocrystals 
owing to the dissipation of the excitation energy through ytterbium sublattice.  Here, we 
report the discovery of an unusual UC luminescence phenomenon associated with 
alfa-KYb2F7:Er (or orthorhombic phase K　 Yb2F7:Er) nanorods.  The unique crystal 
structure of the host lattice helps preserve the excitation energy at extremely high Yb3+ 
concentration, thereby leading to intense NIR-to-violet UC without loss of the total 
emission intensity. 
3.2 Results and discussion 
KF-LnF3 system can exist in several forms of widely different composition and crystal 
phase.[9]  To achieve the desired product of alfa-KYb2F7:Er, we employed a 
co-precipitation method to synthesize the nanocrystals via a precise control of the KF to 
LnF3 ratio.  TEM image of the as-synthesized nanocrystals appears as uniform nanorods 
with length of around 90 nm and diameter of around 20 nm (Figure 3.1a).  The 
high-resolution TEM image (Figure 3.1b) reveals the highly crystallized lattice of the 
nanorod, and the selected-area electron diffraction patterns obtained from the Fourier 
transform of the high magnification TEM image reveals its single-crystalline orthorombic 
phase (Figure 3.1c) which is further confirmed by the X-ray diffraction analysis of the 
sample (Figure. 3.2).  The energy-dispersive X-ray spectroscopy of an individual 





Figure 3.1 (a) Low-resolution TEM images of the as-synthesized KYb2F7:Er (2 mol%) 
nanocrystals.  (b) High-resolution TEM image of a nanorod taken in [100] incidence.  
(c) The corresponding Fourier-transform diffraction patterns of the high-magnification 












Figure 3.2 X-ray powder diffraction patterns of (a) KYb2F7:Er (2 mol%), (b) 
KYb2F7:Er/Lu (2/20 mol%), (c) KYb2F7:Er/Lu (2/40 mol%), (d) KYb2F7:Er/Lu (2/60 
mol%) and (e) KYb2F7:Er/Lu (2/80 mol%) nanocrystals as synthesized.  The diffraction 
peaks correspond well with the literature data for orthorhombic KYb2F7 crystals (Joint 













Figure 3.3 EDX pattern of a single nanorod reveals the appearance of the composition 








Figure 3.4 (a) Room temperature (25 oC) upconversion emission spectra of cyclohexane 
solution containing KYb2F7:Er (2 mol%) nanocrystals. (Inset: the corresponding 
luminescent photos of the colloidal solution under 980-nm laser excitation with a power 
of 600mW.  (b) Proposed energy transfer mechanism for the KYb2F7:Er (2 mol%) 
nanocrystals under 980-nm diode laser excitation.  The dashed-dotted, dashed, dotted, 
and full arrows represent photon excitation, energy transfer, multiphonon relaxation, and 
emission processes, respectively.  The 2S+1LJ notations used to label the f levels refer to 
spin (S), orbital (L) and angular (J) momentum quantum numbers, respectively, according 










Upon 980-nm NIR excitation, the KYb2F7:Er (2 mol%) nanocrystals exhibited three 
strong upconversion emission bands, which can be attributed to 2H9/2→4I15/2, 2H11/2, 
4S3/2→4I15/2, and 4F9/2→4I15/2 transitions of Er3+, respectively (Figure 3.4a).  It is worthy 
to note that here we achieved a substantially high violet to green emission ratio with 
respect to existing nanocrystal systems.  The unusual luminescence behavior is 
attributed to the extremely high Yb3+ concentration in the host lattice.  It is well known 
that Yb3+ ion has a higher absorption coefficient at 980 nm than other trivalent lanthanide 
ions and frequently serves as a sensitizer to improve the photon conversion efficiency of 
Er3+.  However, at elevated Yb3+ concentration, the Yb-Er inter-atomic distance will be 
dramatically decreased and each Er3+ will be surrounded by a large number of Yb3+, 
which in turn will induce efficient back-energy-transfer from Er3+ to Yb3+ (Figure 3.4b).  
This back-energy-transfer would subsequently deplete the 4S3/2 state to increase the 
population in excited states of 2H13/2, which is a key intermediate state for the further 
generation of red and violet UC emission.  Thereby the existent and populated 
back-energy-transfer serves as a prior condition for the generation of the strong violet 
emission. 
The unique crystal structure of the KYb2F7 host lattice makes the generation of the 
unparalleled strong violet emission luminescence phenomenon a reality.  Generally, a 
high Yb3+ concentration will lead to a migration of the excitation energy through the 
ytterbium sublattice.  In a common host lattice containing evenly distributed Yb3+ ions, 
the excitation energy can migrate fast through the ytterbium sublattice over long distance, 




consequence, Er3+ activator cannot be effectively excited via Yb-Er energy transfer and 
resulted in weak UC emission.  As two representative type of UC host format, 
NaYbF4:Er (2 mol%) and LiYbF4:Er (2 mol%) nanocrystals with the similar lanthanide 
composition were fabricated, the absolutely strong red UC emission of NaYbF4:Er (2 
mol%) and the overall rather weak emission of LiYbF4:Er (2 mol%) which is hardly 
detected under a 980-nm excitation pump power of 1.1 W/cm-2 (Fig. 3.5) reveal the 
efficient quenching process existed in these materials.  However, the structure of 
alfa-KYb2F7 is an exception due to the unique set of Yb4 units it contained.  The lattice 
averaging image based on the HRTEM image taken in the [100] plane is schematically 
represented in Figure 3.6b, the Yb4 unit is consisted of four Yb3+ ions featuring an 
internal Yb-Yb distance of (~3.5Å).  These Yb4 units are believed to help localize the 
excitation energy through a prior intra-unit energy looping process, and thus avoid 





Figure 3.5 Low-resolution TEM images of the as-synthesized (a) NaYbF4:Er (2 mol%), 
(b) LiYbF4:Er (2 mol%) nanocrystals. (c) and (d) The room temperature (25 oC) 
upconversion emission spectra of the cyclohexane solutions containing NaYbF4:Er (2 
mol%) and LiYbF4:Er (2 mol%) nanocrystals respectively.  (e) and (f) The 
corresponding XRD patterns of the nanocrystals which reveal the hexagonal phase of 
NaYbF4:Er (2 mol%) and the tetragonal phase of LiYbF4:Er (2 mol%) nanocrystals, in 











Figure 3.6 (a) The obtained lattice averaging image based on the HRTEM image.  (b) 
The ytterbium sublattice contained the Yb4 units which are marked with gray color. (Note: 
All the gray and plum balls represent the lanthanide ions while the plum balls are the Yb4 
unit elements).  The red cycle in Figure 3a corresponds with the red one in Figure 3b. 
The blue cycle represents one unit cell.  (c) Schematic representing of the orthorhombic 












Figure 3.7 (a‐d) Low-resolution TEM images of KYb2F7:Er/Lu (2/20-80 mol%) nanorods 
doped with a Lu3+ content of 20, 40, 60 and 80 mol%, respectively. All the scale bars 











Figure 3.8 (a) Room temperature (25 oC) upconversion emission spectra of 
KYb2F7:Er/Lu (2/0-80 mol%) nanocrystal in cyclohexane solution.  (b) The ratio of the 
intensity of green emission (558 nm) to red emission (670 nm) and violet emission (408 
nm) which show as IG/R, IG/V, respectively.  (c) Luminescence life time of Er3+ in 
KYb2F7:Er/ Lu (2/0-80 mol%) nanocrystals by monitoring the upconversion emission 
centered at 408 nm, 558 nm and 670 nm respectively.  (d) The calculated total intensity 
of the photoluminescence spectra shown in Figure 3.8a.  All the results taken in 









To validate our hypothesis, we synthesized a set of nanocrystals doped with varying 
quantity of optically inert Lu3+ ions to dilute the Yb3+ ions in the ytterbium sublattice.  
The advantage of Lu3+ ion as dopant is its very close radius (r=1.001Å) with 
Yb3+(r=1.006Å), which helps to preserve a consistent phase and size of the nanocrystals 
(Figure 3.7).  A gradual decrease in the intensity of violet emission and violet to green 
ratio of the emission spectra of KYb2F7:Er/Lu (2/0-80 mol%) with increasing dopant 
concentration of Lu3+ is expected and showed (Figure 3.8).  Time decay measurement is 
further studied and indicates a concurrent increase in life time of Er3+ (Figure 3.8c).  In 
particular, the lifetime of 4S3/2 state (558 nm) of Er3+ displays a more sensitive 
dependence on Yb3+ content in the host lattice.  Taken together, these results 
conclusively confirms the enhanced back-energy-transfer from 4S3/2 state of Er3+ to 2F7/2 
Yb3+ at high Yb3+ content, which eventually leads to strong violet UC emission of Er3+.  
It should be mentioned that, the KYb2F7:Er/Lu (2/0-80 mol%) nanocrystals all display 
essentially the same emission intensity under identical excitation condition (Figure 3.8d) 
which further reveals the non-quenching UC process in this orthorhombic structure. 
To test the applicability of this unique structure as the UC matrice, several other 
lanthanide ions such as Ho3+ and Tm3+ are also applied as the dopant for alfa-KYb2F7 
(Figure 3.9).  The photoluminescence investigation reveals strong intense emission of 
KYb2F7:Ho (2 mol%) and KYb2F7:Tm (1 mol%) also indicate a non-quenching energy 







Figure 3.9 Room temperature (25 oC) upconversion emission spectra of cyclohexane 
solution containing (a) KYb2F7:Ho (2 mol%), (b) KYb2F7:Tm (1 mol%) nanocrystals. 
Inset: the corresponding luminescent photo image of the luminescence light under 980 nm 









3.3 Synthesis and characterization 
3.3.1 Materials 
YbCl3•6H2O (99.99%), ErCl3•6H2O (99.9%), LuCl3•6H2O (99.9%), KOH (98+%), KF 
(99+%), 1-octadecene (90%) and oleic acid (90%) were purchased from Sigma-Aldrich. 
All the chemicals wree used as starting materials without further purification.  
3.3.2 Synthesis of the lanthanide doped KYb2F7 nanocrystals at 290 oC 
In a typical procedure to the synthesis of lanthanide‐doped KYb2F7 nanocrystals, a 
solution of YbCl3 (0.392 mmol), ErCl3 (0.008 mmol) in ethanol (5 mL) were added into a 
mixture of oleic acid (3.5 mL) and 1-octadecene (10.5 mL) under vigorous stirring at 
room temperature, then the temperature was increased and kept at 150 oC for 1h, until the 
solution turned from colorless to yellowish, which indicated the formation of the 
inorganic-organic complex.  After the solution was cooled to room temperature, 1.5 
mmol of KF and 1.5 mmol of KOH in 8 mL methanol was injected into the flask and the 
mixture was stirring for 30 min at 50 oC，then increased to 100 oC and degassed for 10 
min.  Subsequently, the temperature was raised to 290 oC and kept for one and a half 
hour under nitrogen atmosphere.  Finally, the reaction was cooled to room temperature. 
The obtained nanocrystals were collected by centrifugation, washed with ethanol and 
methanol several times, and finally re‐dispersed in cyclohexane. 
3.3.3 Characterization 




electron microscope operating at an acceleration voltage of 300 kV.  The 
crystallographic phases of the sample were determined by powder XRD on a Siemens 
D5005 X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å) at a scan rate of 0.01 o/s.  
The room temperature (25 oC) luminescence spectra were obtained with a DM150i 
monochromator equipped with a R928 photon counting photomultiplier tube (PMT), in 
conjunction with a 980 nm diode laser.  The spectra for all the nanocrystals were 
recorded from samples dispersed in cyclohexane solutions.  All the photographs were 
taken with a Canon PowerShot SX100 IS digital camera.  The decay curves of the 
nanocrystals were measured with a customized UV to mid infrared phosphorescence 
lifetime spectrometer (FSP920-C, Edinburgh) equipped with a digital oscilloscope 
(TDS3052B, Tektronix) and a tunable mid-band OPO laser as an excitation source 
(410-2400 nm, Vibrant 355II, OPOTEK). 
3.4 Conclusion 
In summary, intense NIR-to-violet UC emission was achieved through use of 
α-KYb2F7:Er (2 mol%) nanocrystals.  The unusual luminescence behavior is benefitted 
from the unique structure of the host materials that eliminates dissipation of the excitation 
energy through at extremely high Yb3+ content.  This study suggests a novel and 
versatile route to manipulating UC emission of lanthanide ions through control of energy 
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CHAPTER 4: Lanthanide-doped LiYF4 Nanoparticles: Synthesis and 
Multicolor Upconversion Tuning 
4.1 Introduction 
Upconversion nanoparticles are typically composed of an inorganic host lattice and 
lanthanide dopant ions embedded in the host lattice.[1-3]  Although the upconversion 
process primarily makes use of the ladder-like arranged 4f energy levels of the lanthanide 
dopant ions, the host lattice can significantly alter the upconversion processes by exerting 
a crystal field around the dopant ion and subtracting excitation energy of the dopant ion 
through lattice vibration.  Therefore, selection of appropriate host materials is essential 
in the synthesis of lanthanide-doped nanoparticles with favorable optical properties such 
as high upconversion efficiency and controllable emission profile.  Upconversion 
emissions have been observed for a wide variety of host materials including oxides, 
bromides, chlorides, and fluorides.[4-6]  Fluorides are commonly studied due to their low 
phonon energy and relatively high chemical stability.[7]  For example, NaYF4 has been 
generally regarded as the most efficient upconversion host for practical applications.  To 
this regard, considerable efforts have been devoted to the synthesis and multicolor tuning 
of lanthanide-doped NaYF4 upconversion nanoparticles.[8-13] 
As one of the most efficient host materials for upconversion process, LiYF4 has also 
been frequently employed to fabricate lanthanide-doped upconversion crystals.[14-20]  In 




also generates additional emission lines.[21-24]  Thus, LiYF4 can provide us with a 
complementary host matrix to NaYF4 for technical applications such as scintillation and 
tunable upconversion lasers.[25]  Despite the phenomenal growth in nanoparticle 
synthesis, there are relatively few reports on the synthesis of LiYF4 nanoparticles due to 
formidable synthetic challenges.  To the best of our knowledge, most LiYF4 
nanoparticles known to date have been synthesized by thermal decomposition.  
Although this method enables the synthesis of monodisperse nanoparticles with high 
dispersability in organic solvents, the requirement of toxic rare-earth trifluoroacetate 
precursors and release of toxic byproducts raises issues of substantial environmental 
concern, thereby limiting its use for commercial purposes. 
In this chapter, we present a facile and relatively environmental-benign approach for 
the synthesis of monodisperse lanthanide-doped LiYF4 nanoparticles.  The synthetic 
strategy is based on the interaction of metal oleate with ammonium fluoride at room 
temperature and subsequent growth of the nanoparticles at elevated temperatures.  We 
also show that multicolor tuning of the upconversion emission can be obtained by varying 
doping composition and concentration, while the size of the nanoparticles could be tuned 





Figure 4.1 (a) Low-resolution TEM image of the as-synthesized LiYF4:Yb/Er (18/2 mol%) 
nanoparticles.  (b) High-resolution TEM image of a nanoparticle taken in [311] incidence 
and (c) the corresponding Fourier-Transform diffractogram.  (d) EDX analysis and (e) 
XRD pattern of the nanoparticles.  Note that the Li ion is undetectable by EDX and the 











4.2 Results and discussion 
The size and morphology of the lanthanide-doped LiYF4 nanoparticles were first 
studied by transmission electron microscopy (TEM).  Figure 4.1a shows a representative 
TEM micrograph of Yb/Er (18/2 mol%) co-doped nanoparticles with an average diameter 
of 21 nm.  High-resolution TEM (HRTEM) image reveals the highly crystalline nature 
of the as-synthesized LiYF4 nanoparticles (Figure 4.1b).  The HRTEM image also shows 
lattice fringes with observed d-spacings of 0.46 nm and 0.30 nm that respectively 
correspond to lattice spacings in the (011) and (103) planes of tetragonal LiYF4 (Figure 
4.1b).  The electron diffraction pattern shown in Figure 4.1c obtained from Fourier 
transform of the HRTEM image confirms the single-crystalline tetragonal-phase of the 
nanoparticle.  Compositional analysis of an individual particle by energy-dispersive 
x-ray spectroscopy (EDX) reveals the presence of the doped elemental Yb and Er (Figure 
4.1d).  The samples were further studied by XRD and shown in Figure 4.1e.  All 
diffraction peaks can be well indexed in accordance with tetragonal LiYF4 crystal 
(JCPDS file No. 81-2254), indicating the formation of pure tetragonal-phase of the 
nanoparticles.  Importantly, these nanoparticles are well dispersed in a variety of 
nonpolar solvents including hexane, cyclohexane, dichloromethane, and toluene. 
The same synthetic procedure was further used to synthesize LiYF4 nanoparticles 
doped with other lanthanide ions such as Yb/Tm (20/0.2 mol%) and Yb/Ho (18/2 mol%). 
TEM images in Figure 4.2 a and b show that the size and morphology of the nanoparticles 
closely resemble to those of Yb/Er co-doped LiYF4 nanoparticle counterpart.  These 




the particle growth process.  However, under identical experimental conditions, the size 
of the nanoparticles is found to be dependent on the ratio of fluoride (F-) to rare-earth 
metal (RE3+) ions.  As shown in Figure 4.2c and 2d, large nanoparticles of around 40 nm 
were obtained as the ratio of F- to RE3+ reached 8/3.  With increase in the F- to RE3+ 
ratio, a decrease in particle size was observed.  Ultra small nanoparticles of around 12 
nm can be obtained when the F- to RE3+ ratio reached 6. The particle size variation as a 
function of F to rare-earth metal ratio can be explained by a crystallization 
speed-controlled model.[26]  Because the particle growth was initiated with the reaction 
between the F- ion and rare-earth oleate complex, a high concentration of F- can 
significantly enhance particle crystallization rate.  The crystallization acceleration effect 













Figure 4.2 TEM images of the as-synthesized nanoparticles with different doping 
compositions and metal-to-F ratios.  (a) LiYF4:Yb/Ho (18/2 mol%).  (b) LiYF4:Yb/Tm 
(20/0.2 mol%).  (c) LiYF4:Yb/Er (18/2 mol%) with a metal-to- F ratio of 3/8.  (d) 










Each lanthanide ion possesses a distinct set of energy levels that result in characteristic 
emissions at particular wavelengths.  The upconversion emission from these 
nanoparticles can be readily manipulated by modifying doping compositions.  Under 
excitation at 980 nm, the LiYF4:Yb/Er (18/2 mol%) nanoparticles exhibit characteristic 
sharp emission peaks resulting from 2H9/2→4I15/2 (410 nm), 2H11/2,4S3/2→4I15/2 (525-540 
nm), and 4F9/2→4I15/2 (660 nm) transitions of Er3+ (Figure 4.3a). These emissions lead to 
an overall green color light (Figure 4.3a, insert).  In contrast, the LiYF4:Yb/Tm (20/0.2 
mol%) nanoparticles exhibit a blue color emission resulting from 1D2→3F4 (450 nm), 
1G4→3H6 (475 nm), and 1G4→3F4 (650 nm) transitions of Tm3+ while the LiYF4:Yb/Ho 
(18/2 mol%) nanoparticles display a yellow color emission due to 5F4→5I8 (525 nm), 
5F5→5I8 (650 nm) transitions of Ho3+ (Figure 4.3 b and c). 
It should be noted that the Yb3+ in the host lattice does not emit visible light.  
However, the Yb3+ makes a significant contribution to the upconversion emissions by 
acting as a sensitizer that strongly absorbs the excitation irradiation and then transfers the 
excitation energy to the emitters (Figure 4.4a).  The energy transfer process finds 
reflection as a rising edge in the luminescence decay curves (Figure 4.4b-d).  The decay 
curves also showed a nearly single-exponential decay in the tail.  By fitting with a single 
exponential function I(t) = I0 exp(-t/), the lifetimes for 2H11/2, 4S3/2, 4F9/2→4I15/2 
transitions of Er3+ are determined to be around 51, 54, and 56 μs, respectively.  As 
expected, the luminescence lifetimes of 2H11/2 and 4S3/2 are the same since their 
populations are thermally coupled.  The observed lifetimes for 2H11/2, 4S3/2→4I15/2 




shorter lifetime for 4F9/2→4I15/2 transition is observed relative to that in NaYF4 (~141 
μs).[13]  The significant difference in lifetime for 4F9/2→4I15/2 transition may be ascribed 














Figure 4.3 Room-temperature upconversion emission spectra of LiYF4 nanoparticles 
co-doped with (a) Yb/Er (18/2 mol%), (b) Yb/Tm (20/0.2 mol%), and (c) Yb/Ho (18/2 
mol%).  The samples were excited with a 980-nm diode laser operating at 600 mW.  













Figure 4.4 (a) Schematic energy level diagrams showing typical UC processes for Yb3+, 
Er3+, Tm3+ and Ho3+.  The dashed-dotted, dotted, and full arrows represent excitation, 
multiphonon relaxation, and emission processes, respectively.   (b-d) Luminescence 
decay curves of Er3+ in LiYF4:Yb/Er (18/2 mol%) nanoparticles by monitoring the 
upconversion emission centered at 522 nm, 551 nm, and 669 nm.   Flexible lines: 
experimental data; straight lines: fitting results by I(t) = Io exp (-t/τ) (Io is the initial 











In a further set of experiments, we demonstrated that upconversion color tuning can be 
achieved by utilizing a three-component doping system in a dual emission process.  
Control of the doping concentration in the host lattice enables precise modulation of the 
relative intensities of upconversion emissions and thus the color output.  For example, 
the LiYF4 nanoparticles triply-doped with Yb/Er/Tm show dual emissions of Er3+ and 
Tm3+.  The relative intensity ratio of Er3+ and Tm3+ emissions can be manipulated by 
varying the doping concentration of Er3+ in the host lattice.  In the absence of Er3+ 
dopant, the Yb/Tm co-doped nanoparticle system exhibits a blue color emission as 
previously discussed.  Upon addition of a second emitter of Er3+ with increased dopant 
concentrations (0-1 mol%), the nanoparticle system exhibits significant changes in the 
green (2H11/2, 4S3/2→4I15/2) and red (4F9/2→4I15/2) spectral region (Figure 4.5a), resulting in 
tunable color output from blue to green (Figure 4.5c-g).   
Dual emission can also be achieved by simultaneously doping Tm and Ho in the host 
lattice.  In comparison with Yb/Tm co-doped sample, the Yb/Tm/Ho triply-doped 
system exhibits additional emission peaks of Ho in the green and red spectral region 
(Figure 4.5b).  This dual emission process provides an alternative route towards 
upconversion multicolor tuning.  As the doping concentration of Ho3+ increases, the 
colloidal solution of the triply-doped nanoparticles shows a notable color change (Figure 
4.5h-i).  The absence of quenching in the emission intensity as evidenced by the 
examination through the naked eye in all the triply-doped samples indicates that there is 
negligible energy transfer and cross relaxation between different types of activators.  




ions in the host lattice.[14] 
 
Figure 4.5 Room temperature upconversion emission spectra of (a) LiYF4:Yb/Tm/Er 
(20/0.2/0-1 mol%) and (b) LiYF4:Yb/Tm/Ho (20/0.2/0-0.5 mol%) nanoparticles dispersed 
in cyclohexane solutions (8 mM).  The spectra in (a) and (b) were normalized to Tm3+ 480 
nm emission. (c-i) Compiled luminescent photos showing corresponding colloidal 











4.3 Synthesis and Characterization 
4.3.1 Materials 
YCl3•6H2O (99.99%), YbCl3•6H2O (99.99%), ErCl3•6H2O (99.9%), TmCl3•6H2O 
(99.99%), HoCl3•6H2O (99.99%), LiOH (98%), NH4F (98%), 1-octadecene (90%) and 
oleic acid (90%) were purchased from Sigma-Aldrich and used as starting materials 
without further purification. 
4.3.2 Nanoparticle synthesis  
In a typical experiment, 2 mL solutions of RECl3 (0.2 M, RE = Y, Yb, Er, Ho and Tm) 
in methanol were added to a 50-mL flask containing 3 mL of oleic acid and 7 mL of 
1-octadecene.  The solution was heated to 150 oC for 30 min and then cooled to room 
temperature. Subsequently, 5 mL methanolic solution of NH4F (1.6 mmol) and LiOH (1 
mmol) was added to the flask and the resulting mixture was stirred for 30 min.  After 
removal of the methanol by evaporation, the solution was heated to 290 oC in an argon 
atmosphere for 1.5 h and cooled to room temperature.  The resulting nanoparticles with 
a narrow size distribution (with a size about 21 nm) were precipitated by addition of 
ethanol, collected by centrifugation, washed with water and ethanol for several times, and 
re-dispersed in cyclohexane. 
4.3.3 Characterization 
X-ray diffraction (XRD) analysis was carried out on a Siemens D5005 X-ray 




(TEM) measurements were carried out using a JEOL 2010 transmission electron 
microscope operating at an acceleration voltage of 200 kV.  The luminescence spectra 
were obtained with a DM150i monochromator equipped with a R928 photon counting 
photomultiplier tube (PMT), in conjunction with a 980 nm diode laser. The decay curves 
of the LiYF4 were measured with a customized UV to mid infrared phosphorescence 
lifetime spectrometer (FSP920-C, Edinburgh) equipped with a digital oscilloscope 
(TDS3052B, Tektronix) and a tunable mid-band OPO laser as an excitation source 
(410-2400 nm, Vibrant 355II, OPOTEK).  All luminescence studies were carried out at 
room temperature. 
4.4 Conclusion 
In this work, tetragonal-phase LiYF4 nanoparticles doped with upconverting lanthanide 
ions were synthesized by a novel solution-based method.  Monodisperse nanoparticles 
with a controllable size can be readily obtained by varying the ratio of fluoride to 
rare-earth metal ions.  The as-synthesized nanoparticles show intense upconversion 
emissions upon excitation at 980 nm.  The color output of the upconversion emission 
can be precisely manipulated by varying doping composition and concentration, 







[1] Auzel, F. Chem. Rev. 2004, 104, 139. 
[2] Suyver, J. F.; Aebischer, A.; Biner, D.; Gerner, P.; Grimm, J.; Heer, S.; Krämer, K. W.; 
Reinhard, C.; Güdel, H. U. Opt. Mater. 2005, 27, 1111. 
[3] Wang, F.; Liu, X. G. Chem. Soc. Rev. 2009, 38, 976. 
[4] Patra, A.; Friend, C. S.; Kapoor, R.; Prasad, P. N. Appl. Phys. Lett. 2003, 83, 284. 
[5] Mateos, X.; Pujol, M. C.; Güell, F.; Solé, R.; Gavaldà, J.; Massons, J.; Aguiló, M.; 
Díaz, F. Opt. Mater. 2004, 27, 475. 
[6] Kostritskii, S. M.; Maring, D. B.; Tavlykaev, R. F.; Ramaswamy, R. V. Appl. Phys. 
Lett. 2000, 76, 2161. 
[7] Pecoraro, E.; de Sousa, D. F.; Lebullenger, R.; Hernandes, A. C.; L. Nunes, A. O. J. 
Appl. Phys. 1999, 86, 3144. 
[8] Heer, S.; Kömpe, K.; Güdel, H. U.; Haase, M. Adv. Mater. 2004, 16, 2102. 
[9] Yi, G.; Lu, H.; Zhao, S.; Ge, Y.; Yang, W.; Chen, D.; Guo, L. Nano Lett. 2004, 4, 2191. 
[10] Mai, H.; Zhang, Y.; Si, R.; Yan, Z.; Sun, L.; You, L.; Yan, C. J. Am. Chem. Soc. 2006, 
128, 6426. 
[11] Boyer, J. C.; Vetrone, F.; Cuccia, L. A.; Capobianco, J. A.; J. Am. Chem. Soc. 2006, 
128, 7444. 
[12] Wang, L.; Li,Y. Chem. Mater. 2007, 19, 727; (f) Wang. F.; Liu, X. G. J. Am. Chem. 
Soc. 2008, 130, 5642. 
[13] Yang, L.; Han, H.; Zhang, Y.; Zhong, J. J. Phys. Chem. C 2009, 113, 18995. 




Part A. 2009, 74, 441. 
[15] Pollnau, M.; Hardman, P. J.; Clarkson, W. A.; Hanna. D. C. Optics Comm. 1998, 147, 
203. 
[16] Payne, S.A.; Smith, L.K.; Kway, W. L. J. Phys. Con. Matt. 1992, 4, 8525. 
[17] Kueny, A. W.; Case, W. E.; Koch, M. E. J. Opt. Soc. Am. B 1993, 10, 1834. 
[18] Golding, P. S.; Jackson, S. D.; King, T. A. Phys. Rew. B 2000, 62, 856. 
[19] Kuck, S.; Sokolska, I. Chem. Phys. Lett. 2000, 325, 263. 
[20] Nicolas, S. ; Descroix, E. ; Joubert, M. F. Optic. Mater. 2003, 22, 139. 
[21] Venkataramanan, M.; Fiorenzo, V.; Rafik, N.; Adolfo, S.; Capobianco, J. A. Adv. 
Mater. 2009, 21, 1. 
[22] Venkataramanan, M.; Rafik, N.; Fiorenzo, V.; Capobianco, J. A. Chem. Eur. J. 2009, 
15, 9660. 
[23] Yi, G. S.; Lee, W. B.; Chow, G. M. J. Nanosci. Nanotech. 2007, 7, 2790. 
[24] Du, Y.; Zhang, Y.; Sun, L.; Yan, C. Dalton. Trans. 2009, 8574. 
[25] Nicolas, S.; Descroix, E.; Joubert, M. F.; Guyot, Y.; Laroche, M.; Moncorge, R.; 
Abdulsabirov, R. Y.; Naumov, A. K.; Semashko, V. V.; Tkachuk, A. M.; Malinowski, 
M. Opt. Mater.2003, 22, 139. 
[26] Liu, C.; Wang, H.,;Li, X.; Chen, D. J. Mater. Chem. 2009, 19, 3546. 






CHAPTER 5: Phase and Size Tuning of Upconversion NaYF4 
Nanocrystal via Lithium Ion Doping 
5.1 Introduction 
Upconversion (UC) materials had garnered a growing interest due to their remarkable 
applications in photonics[1-9] and photovatics.[10-13]  It was found that the selection of 
appropriate host materials played a crucial role in the control of emission profile and 
achievement of high UC efficiency.[14-23]  Benefiting from its low phonon energy, NaYF4 
has been recommended as the most efficient UC matrix.  Numerous research had been 
focused on the fabrication of NaYF4 UC nanocrystals with various morphologies 
especially those with small size which had been widely utilized in biological imaging, and 
therapeutics.[24-32]  The well-established technique for the manufacture of small size 
nanocrystal was normally based on the stringent control over a set of experimental 
variables, such as nature of solvent, temperature, reaction time and concentration of metal 
precursors.  The complexity of these techniques and the release of toxic byproducts 
however limited their further development.  Furthermore, the preparation of UC 
nanocrystals with small-sized still kept as a challenge.[33]  Recently, the application of 
doping technique in the fabrication of UC nanocrystals brought us some new messages. 
Doping is well-known as a fundamental approach to modulate the properties of 
materials through tailoring the crystal composition.  As traditional examples, Mn and Cu 





a considerable large optical window with high photoluminescence (PL) quantum yield 
and high resistance to photo-oxidation.[34]  In our previous work, we found that the 
lanthanide ion doping method acted as a convenient technique for the simultaneous phase 
and size tuning of NaYF4 UC nanocrystals.[1]  The inert property and similar radius of 
the lanthanide ions make their replacement of each other convenient, which was also been 
proved in other host matrix.[35-36]  In particular, small size (10 nm) NaYF4 UC 
nanocrystals had been successfully fabricated with 30 mol% Gd3+ doping under 230 oC 
via this method.  However, the synthesis of luminescent NaYF4 UC nanocrystals with 
even small size (< 5 nm) is rarely reported since the sharp decrease in the size of the 
nanocrystals would produce great structure defects which would quench the optical 
intensity greatly even make the luminescence disappeared.  
NaYF4 nanocrystals always exist in cubic and hexagonal two phase structures.  The 
cubic phase forms like calcium fluoride fluorite structures, owning high-symmetry cation 
sites.  In a contrast, the cation sites of the hexagonal phase NaYF4 are selectively 
occupied by the sodium ions and rare earth ions, offering a relatively low-symmetry.  A 
significant electron cloud distortion of the cations would happen to accommodate the 
structural change.  It was noted that the doping of lanthanides ions with large ionic radii 
would induce a larger electron cloud distortion and thus favour the hexagonal structures.[1]  
As an extended consideration, introduce of alkaline rare earth ion with smaller ionic radii 







Figure 5.1 (a-h) Low-resolution TEM images of the as-synthesized Li+ doped NaYF4: 
Yb3+/Er3+/Li+ nanocrystals (18/2/0-100 mol%).  (i-p) X-ray powder diffraction patterns 
of the NaYF4:Yb/Er (18/2 mol%) nanocrystals obtained after heating for 1.5 h at 300 oC 






5.2 Result and discussion 
To validate the hypothesis, synthesis of NaYF4:Yb/Er (18/2 mol%) nanocrystals with 
lithium ion at different doping levels were carried out at 300oC via a hydrothermal 
technique.  Figure 5.1a-h showed us the low resolution TEM images of all the 
as-synthesized nanocrystals.  Without lithium ion doping, NaYF4 UC nanocrystals 
exited as spherical nanocrystals (Figure 5.1a).  Small amount of lithium ion doping (10 
mol%) cause rarely observed change of the nanocrystals (Figure 5.1b).  When the 
lithium ion concentration increased to 40 mol%, the samples grew into large disk-shaped 
nanocrystals with diameter around 150 nm (Figure 5.1c).  As indicated by the XRD 
results (Figure 5.1i-k) measured by the X-ray powder diffraction technique, the above 
lithium doped (0, 10, 40 mol%) NaYF4 UC nanocrystals all existed in the hexagonal 
phase.  The stark increase of the nanocrystal size definitely contributed to the enriched 
concentration of smaller lithium ions (0.76Å)[37] which replaced the sodium ion (1.02Å)[37] 
in the NaYF4 matrix.  As we supposed, the small ionic radius of lithium ion would 
decrease the dipole polarizability, thus the less distorted electron cloud would favor the 
formation of nanocrystals with more symmetrical structure.  However, the formation of 
low-symmetric hexagonal nanocrystals under this condition should contribute to the 
cooperation of the doping effect and the 300 oC temperature effect.  With the excessive 
energy provided by the high temperature, the nanocrystal growth process would 
overcome the hexagonal phase formation energy barrier easily and quickly, thus produced 
the hexagonal phase.  The special growth of the hexagonal nanocrystal along the (0001) 





transformation from hexagonal to tetragonal happened with more lithium ion doping (50 
mol%) as indicated by the XRD result (Figure 5.1l).  The large size of tetragonal LiYF4 
(Figure 5.1c) indicate the favoured formation and rapid growth rate of symmetrical 
structure. 60 mol% lithium ions doping further resulted in a further phase transformation 
from hexagonal to cubic which is of more symmetry than tetragonal phase and the 
samples appeared as non-uniform spherical nanocrystals (Figure 5.1d) in the co-existence 
of cubic and tetragonal phase (Figure 5.1m).  With 70 mol% Li+ doping, the 
nanocrystals existed as huge tetragonal nanocrystals, the high symmetry of the 
diamond-shaped indicated the dominant role of lithium ion played in the structure 
fabrication. More lithium ions (90, 100 mol%) resulted in the fabrication of monodisperse 
tetragonal LiYF4 nanocrystals (Figure 5.1) in regardless of the weak effect of small 
amount of sodium ions.  The phase transformation and size variation phenomenon at 300 
oC above has effectively proved the effect of lithium doping.  To further validate our 
hypothesis, the experiment temperature was lowered to reduce the crystal formation 
energy effect.  Set of nanocrystals were synthesized at 270 oC firstly.  Both the earlier 
phase transformation from hexagonal to cubic (40 mol% Li+, comparing with 60 mol% at 
300 oC) and the later one from cubic to hexagonal (until 90 mol% Li+) indicated the 
stabilization effect to the symmetric structure contributed by lithium ion doping (Figure 
5.2).  With a much lower reaction temperature at 240 oC, nanocrystals in cubic phase 
formed as indicated by the XRD result (Figure 5.3).  However, the as-synthesized 
nanocrystals are badly crystallized and the product amount is much less than usual.  





crystalline cubic structure especially when the lithium ion concentration reaches 70 mol%.  
With more Li+ ions added, the phase of nanocrystals changes from cubic to tetragonal. 








Figure 5.2 (a-h) Low-resolution TEM images of the as-synthesized Li+ doped NaYF4: 
Yb3+/Er3+/Li+ nanocrystals (18/22/0-100 mol%).  (i-p) X-ray powder diffraction patterns 
of the NaYF4:Yb/Er (18/2 mol%) nanocrystals obtained after heating for 1.5 h at 270 oC in 









Figure 5.3 (a-h) Low-resolution TEM images of the as-synthesized Li+ doped NaYF4: 
Yb3+/Er3+/Li+ nanocrystals (18/2/0-100 mol%).  (i-p) X-ray powder diffraction patterns 
of the NaYF4:Yb/Er (18/2 mol%) nanocrystals obtained after heating for 1.5 h at 240 oC in 








Figure 5.4 (a) X-ray powder diffraction patterns of the NaYF4:Yb/Er (18/2 mol%) 
nanocrystals obtained after heating for 1.5 h at 200 oC in the presence of 0, 10, 40, 60, 70, 
90 and 100 mol% Li+ dopant ions, respectively.  Diffraction peaks marked with cycle 








Figure 5.5 Low-resolution TEM images of the as-synthesized Li+ doped NaYF4: 








Figure 5.6 Schematic diagram for the phase transition under different temperature 








Figure 5.7 Room temperature (25oC) upconversion emission spectra of cyclohexane 
solutions comprising (a) NaYF4:Yb/Er/Li (18/2/50 mol%), (b)  NaYF4:Yb/Tm/Li 
(20/0.2/50 mol%), (c) NaYF4:Yb/Tm/Er/Li (20/0.2/0.1/50 mol%) and (d) 
NaYF4:Yb/Tm/Er/Li (20/0.2/0.05/50 mol%), respectively.  (e)-(f) are the 







Experiments were later carried out at a challenging temperature 200 oC.  There is no 
existence of nanocrystals without lithium doping since the peaks shown by XRD are in 
accordance with NaF (Figure 5.4).  10 mol% Li+ doping induces the formation of cubic 
nanocrystals as indicated by the weak XRD peaks.  As shown by the TEM image 
(Figure 5.5a), these cubic nanocrystals are bad-crystallized and not in a clear morphology.  
With more lithium ion doped inside (40, 50, 60, 70 mol%), monodisperse cubic 
nanocrystals are formed with well crystalline crystal lattice (Figure 5.5.b,c,f,g).  All 
these UC nanocrystals exist in an ultra-small size, especial the 50 mol% Li+ doped UC 
nanocrystals, which owns the smallest size of 4 nm.  The HRTEM micrograph (Figure 
5.5d) of the as-synthesized NaYF4:Yb/Tm/Li (20/0.2/50 mol%) UC nanocrystals revealed 
their single-crystalline monodisperse morphology.  And the selected-area electron 
diffraction pattern (Figure 5.5e) obtained from the Fourier transform of the high 
magnification TEM image indicates the single-crystalline cubic phase of the nanocrystals.  
Based on the above phenomenon, it can be concluded that the lithium ion doping in 
NaYF4 UC nanocrystals would induce a phase transformation tendency from 
low-symmetry (hexagonal) to high-symmetry (cubic, tetragonal) (as shown in Figure 5.6).  
This trend also contributes to a synchronous size decrease of the nanocrystals, benefitting 
from the close relationship between high lattice symmetry and size reduction.13   
The as-synthesized ultra-small UC nanocrystals can emit strong UC luminescence light 
under NIR excitation (Figure 5.7).  Under a rational doping of Yb3+, Er3+, Tm3+ ions in 
ultra-small NaYF4:Li+ (50 mol%) nanocrystals at different concentrations, tunable visible 





including these from 2H9/2, 1H11/2, 4S3/2, 4F9/2 to 4I15/2 (Er3+), 1D2→3F4, 1G4→3H6 and 
1G4→3F4 (Tm3+) respectively also indicated the well-crystallized crystal structure of the 





















5.3 Methods and Materials 
5.3.1 Materials 
YCl3•6H2O (99.99%), YbCl3•6H2O (99.99%), TmCl3•6H2O (99.99%), NaOH (98%), 
LiOH (98%), NH4F (98%), 1-octadecene (90%) and oleic acid (90%) were purchased 
from Sigma-Aldrich and used as starting materials without further purification. 
5.3.2 Nanocrystal synthesis 
In a typical experiment, 2 ml solutions of RECl3 (0.2 M, RE = Y, Yb, and Tm) in 
methanol were added to a 50-ml flask containing 3 ml of oleic acid and 7 ml of 
1-octadecene.  The solution was heated to 150 oC for 30 min and then cooled to room 
temperature.  Subsequently, 5 ml methanolic solution of NH4F (1.6 mmol) and LiOH (1 
mmol) was added to the flask and the resulting mixture was stirred for 30 min.  After 
removal of the methanol by evaporation, the solution was heated to 200 oC in an argon 
atmosphere for 1.5 h and cooled to room temperature.  The resulting nanocrystals with a 
narrow size distribution (about 4 nm) were precipitated by addition of ethanol, collected 
by centrifugation, washed with water and ethanol for several times, and re-dispersed in 
cyclohexane. 
5.3.3 Characterization 
X-ray diffraction (XRD) analysis was carried out on a Siemens D5005 X-ray 
diffractometer with Cu Kα radiation (λ = 1.5406 Å).  Transmission electron microscopic 





microscope operating at an acceleration voltage of 200 kV.  The luminescence spectra 
were obtained with a DM150i monochromator equipped with a R928 photon counting 
photomultiplier tube (PMT), in conjunction with a 980 nm diode laser.  The decay 
curves of the LiYF4 were measured with a customized UV to mid infrared 
phosphorescence lifetime spectrometer (FSP920-C, Edinburgh) equipped with a digital 
oscilloscope (TDS3052B, Tektronix) and a tunable mid-band OPO laser as an excitation 
source (410-2400 nm, Vibrant 355II, OPOTEK).  All luminescence studies were carried 
out at room temperature. 
5.4 Conclusion 
In conclusion, alkaline ion doping appeared as a convenient technique for the 
simultaneous control of crystallite size and phase.  The successful fabrication of 
ultra-small NaYF4 UC nanocrystals with strong emission intensity not only indicated the 
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CHAPTER 6: Conclusions and Future Works 
In this dissertation, a series of novel lanthanide-doped UC nanocrystals with interesting 
optical properties were synthesized.  Single-band UC emissions in the red and 
near-infrared spectrum regions were introduced in Chapter 2 individually.  Benefitting 
from the oil-based synthetic method, the lanthanide dopants were homogeneously 
incorporated in the KMnF3 host lattice.  The efficient energy transfer between the dopant 
ion and host Mn2+ ion in this matrix rendered single-band emissions with highly stability 
against the variation of the pump power and environmental temperature.  The pure 
single-band red emission had been successfully utilized in the deep tissue imaging.  
Chapter 3 showed a successfully design of strong violet light emitter by using KYbF7 
host doped with Er3+ ions (2 mol%).  The generation of the unusual luminescence 
behavior attributed to the unique separated Yb4 structures in the host materials under a 
high Yb3+ concentration (98 mol%).  The energy preferred to primarily transfer in the 
separated Yb4 units, populating the three photon process which is a prerequisite for the 
generation of violet emission.  This study offered a novel and versatile route to 
manipulate UC emission of lanthanide ions through control of energy transfer processes 
in the host lattice. 
LiYF4 was introduced as another type of UC nanocrystals in Chapter 4.  The 
as-synthesized LiYF4 UC nanocrystals displayed as monodisperse spherical nanoparticles 
and can be well-dispersed in non-polar solvent such as cyclohexane.  Size of the 




Successful multicolor tuning of the LiYF4 UC nanocrystals via co-doping (Yb3+/Tm3+, 
Yb3+/Er3+, Yb3+/Ho3+) and tri-doping (Yb3+/Tm3+/Er3+) indicated the good suitability of 
LiYF4 as the UC host matrix.  
In Chapter 5, it was demonstrated that a simultaneous phase and size tuning of NaYF4 
UC nanocrystals can also be achieved via lithium ion doping.  It should be noted that, 
via lithium ion doping, ultra-small UC NaYF4 (~4 nm) could be successfully fabricated at 
a low temperature (200 oC).  The strongly emitted UC light under NIR excitation 
indicated the well-crystallized host lattice of the nanocrystals. 
In recent years, abundant achievements had been obtained on the utilization of 
lanthanide-doped UC nanocrystals in bioimaging and therapeutics, owing to the 
interesting and unique UC luminescence properties of the nanocrystals.  However, to 
fully realize the potential application of UC nanocrystals in biology field, more efforts are 
still needed to be made on the fabrication of UC nanocrystals with brighter luminescence 
and better biocompatibility than the existed types.  Besides, it is also urgent to develop 
new coupling strategies to connect the functional biomolecules with the nanoparticles, 
without affecting their original capabilities. 
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